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Abstract

The mdirect electrochemical method for pulp and paper mill industrial dves was studied by using graphite carbon electrodes in
laboratory scale. During the process, degradation of the chromoporic groups and aromatic rings of the dyes were proved by this
method. The degradation of the dyes was followed using UV-Vis spectroscopy, LCMS, COD and TOC measurements. The
maximum removal efficiency of colour 97% and 95%, chemical oxygen demand (COD) of 95% and 90% and total organic
compound (TOC) of 95% and 97% could be achieved for the dyes at 2.5 g L' of NaCl concentration, Current density of 340 A m™*
and at pH 3 for Basic green 1 and Direct Green 26, respectively. The eflect of itial pH, supporting electrolyte and current density
on the degradation of dyve was discussed. The results revealed the switability of the present process for the effective degradation of
dyes pulp and paper mill dyes.
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Introduction

The pulp and paper industry is the sixth largest polluter discharging a variety of gaseous, liquid and solid wastes into the
environment (Ugurlu et al. 2006). Among the dyes family more than half are azo compounds used in industries like, paper, textile,
rubber, plastic and cosmetics etc. After the dyeing process of azo dyes, due to their poor exhaustion properties as much as 30% of
initial dye applied remain unfixed and end up in effluents (Prakash et al. 2012). The effluent generated during the processing of
pulp and papers are highly colored. The dark color in untreated effluent is a major environmental concern as its discharge to water
inhibits the photosynthetic activity of aquatic biota by reducing sunlight, besides exhibiting the toxic effects on biota (Deilek et al.
2001, Singh et al. 2002 and Merilainen et al. 2009). The presence of dyes in water is most undesirable, so a very small amount of
these colouring agents are highly visible and may be toxic to the aquatic environment (Haddal et al. 2014).

The treatment of dye effluent is difficult and ineffective with conventional biological processes (Guven et al. 2009) and several
physico-chemical methods because many synthetic dyes are very stable to light, temperature and are non-biodegradable nature of
most dyes (Anouzla et al. 2009). In this context, electrochemistry is becoming a new alternative for wastewater treatment. The
electrochemical method has proved to be effective in organic degradation, including aromatic compounds (Li et al. 2010). Indeed,
electrochemical method has been successfully tested and it has certain significant advantages such as simple equipment, easy
operation and lower operating cost (Dirany et al. 2012, Akbal et al. 2011, Chu et al. 2013, Hongzu et al., 2007). The process
requires significantly less equipment than conventional biological treatment processes (Prakash et al. 2011(a), Li et al. 2008). In
the past, graphite was frequently used as an anode for the electrochemical degradation of textile dye as it is relatively cheaper and
gives satisfactory results (Prakash et al. 2013). The aim of this work was to test the feasibility of electrochemical method for the
degradation of pulp and paper mill industrial dyes using graphite carbon electrodes.

Materials and Methods

Experimental Part

Materials

The commercial pulp and paper mill industrial dyes Basic green 1 (CAS no. 633-03-04) and Direct Green 26 (CAS no. 6388-26-7)
were collected at Mysore Paper Mill Industry, Bhadravathi, India. All other chemicals used for the experiments were of analytical
grade reagents and obtained from s d fine chem-limited, Mumbai, India. Cylindrical carbon electrodes (Chemical composition:
graphite carbon + coke: 85% and ash 15%) were obtained from Power Cell Battery India Limited. A digital DC power supply
(AESC: 30V, 2A) was used as an electrical source. Double distilled water was used to prepare the desired concentration of dye
solutions and the reagents.
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Instrumentation

Electrochemical degradation studies

Graphite carbon electrodes of 4.5 cm length and 0.8 cm diameter were used as anode and cathode for electrochemical degradation
studies (Prakash et al. 2011(b)). The effective electrode area was 12.32cm?® The supporting electrolytes such as NaCl and Na,SO,
were added to the electrolytic solution, which increases the conductivity of the solution and reduces the electrolysis time. The
solution was kept under agitation using magnetic stirrer.

UV-Visible studies

A UV-Vis Spectrophotometer (UV-2602) was employed to measure the optical density of dye solution (A, 437 nm for Basic
green 1, Ap,: 629 nm for Direct Green 26) before and after electrolysis. The decolourisation efficiency was calculated using the
relation:

%E= ((A-Ay) /A;) X100 )

Where,; A; and Ay are absorbance values of dyes solutions before and after treatment with respect to their Ay, respectively or A;
and A are initial and final COD and TOC values of the dyes solutions, respectively.

Liquid Chromatography-Mass Spectrometry studies (LC-MS).

The extent of degradation of dye samples were analyzed by LC-MS studies (LCMS-2010A, Shimadzu, Japan). The LC-MS was
fitted with column C18. The mobile phase was methanol: water (90:10). The flow rate was 0.2 mL min" and the injection volume
of dye was 5uL. The dye solutions were injected into LC column before and after electrolysis. Analyses using ESI (electron spray
ionization) interface were done under the same chromatographic conditions as described for the APCI (atmospheric pressure
chemical ionization) analysis, except the guard column, which was not used in the ESI analysis.

Results and Discussion

This study were conducted by taking 200 mL of simulated dye concentration of 50 ppm (w/v) to study the effect of controlling
parameter like, solution pH, Contact time, dosage of electrolyte and current density by maintaining in constant agitation at room
temperature.

Influence of electrolysis conditions on dye degradation

Effect of initial pH

Solution pH is one of the important factors that affect the performance of electrochemical process. Hence, experiments were
conducted to study the effect of pH on the degradation efficiency of Basic green 1 and Direct Green 26. The initial pH of the
solution (3-11) was adjusted using 1M H,SO, or NaOH (Yi et al. 2008). The electrolysis was carried out at the current density of
340 A m™ for 30 min. From the UV-Vis spectra (Fig.1), it was clear that, the absorbance in the visible region is attributed to the
presence of chromophores (Prakash et al. 2011(b)). In acidic pH, during electrochemical degradation, the cleavage aromatic rings
have taken place, which results in the decrease of optical density of the dye solution, which indicated the degradation of larger dye
molecules into smaller fragments (Fatiha et al. 2006). However, the active chlorine can lead the partial mineralisation of dyes (Yi
et al. 2008). In acidic pH decolouration efficiency of Basic green 1 and Direct Green 26 was found to be 97% and 95%,
respectively (Fig.1). The results indicated that after electrolysis the final pH was remained almost same in acidic and neutral
conditions and decreased at basic condition. In acidic solution the degradation process of dyes were found higher than that of the
basic solution, since in acidic solutions chlorides are reduced to free chlorine (Vlyssides et al. 1999), which is a dominant
oxidizing agent (Chatzisymeon et al. 2006). Therefore the optimum pH 3 was maintained in subsequent experiments.
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Fig. 1. Absorption spectra for (a) Basic green 1 and (b) Direct Green 26 dyes solution initial and after
electrolysis at different pH. Electrolysis condition: concentration of the dye solution: 50 ppm (w/v); electrodes:
graphite carbon; NaCl: 2.5 g L™'; current density: 340 A m™%; time: 30 min.
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Effect of supporting electrolytes

In UV-Vis spectra, as can be seen from the Fig. 2, the addition of NaCl to the dyes solutions during electrolysis, the
decolourisation efficiency increased for Basic green 1 and Direct Green 26. From this observation it was concluded that the
introduction of NaCl as electrolyte can enhance the degradation efficiency and shortens electrolysis time, which may be attributed
to the reaction between the electrogenerated chlorine/hypochlorite and the dye molecule (Prakash et al. 2011(b).

Moreover, the increased concentration of NaCl results in a decrease in the operating voltage at the given current density (Prakash
et al. 2011(b). Increase in the concentration of NaCl up to 2.5 g L™ accelerated the degradation rate, enabling the decolourisation
efficiency of Basic green 1 (Fig. 3a) and Direct Green 26 (Fig. 3b) to 97 % and 95 %, respectively. A further increase in NaCl
concentration (> 2.5 gL™') there was a slight improvement in decolourisation efficiency, and therefore the optimal concentration of
NaCl in successive degradation studied was fixed at 2.5 g L.
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Fig. 2. Absorption spectra for (a) Basic green 1 and (b) Direct Green 26 dyes solutions before and after electrolysis (30
min) at increase of NaCl concentration. Electrolysis condition: concentration of the dye solution: 50 ppm (w/v);
electrodes: graphite carbon; pH: 3; current density: 340 A m2; time: 30 min.

100 + - 95 4 = -
 m— ]
1 - m——n—" 00 ] —m— NacCl —
90 - /./ ] —e— Na,SO4 /-/-
1 85
80 - ] =
] 80
g 707 . £ 5] e
= ] / < 754
g 601 o £ 70
= g e o— 3 i
2 50+ _— g 654
H b ol £ b
g 404 / § 60 7
g ] - 2
S 30 / —m— NaCl 551
4 /. —®—Na,SO, 50 -——o -« .
4 1 —
207 g 45 - S b
104 a 40 ././°/
05 10 1.5 20 25 30 35 40 45 50 05 10 15 20 25 30 35 40 45 50
Electrolyte concentration (g/L) Electrolyte concentration (g/L)

Fig. 3. Effect of supporting electrolytes (a) NaCl and (b) Na,SO, on decolourisation efficiency of the dye (a) Basic
green 1 and (b) Direct Green 26 dye solutions. Electrolysis condition: concentration of the dye solution: 50 ppm
(w/v); electrodes: graphite carbon; pH: 3; current density: 340 A m™2; time: 30 min

Whereas compare to the effect of Na,SO,, the decolourisation efficiency was found to be lower than that of NaCl. The higher
decolourisation efficiency in presence of NaCl is attributed to the generation of more powerful oxidizing agents such as Cl,, HOCI
and OCI . The decolourisation in presence of Na,SO, is attributed to the generation of persulfate ions that can oxidize organic dyes
(Yi et al. 2008).

Effect of current density

The electrolysis of dye solution was carried out at different current densities (85, 170, 255, 340 and 425 A m ) at graphite carbon
electrodes to investigate the influence of current density on the degradation efficiency of Basic green 1 and Direct Green 26
keeping NaCl concentration at 2.5 g L™, dye concentration at 50 ppm (w/v), pH at 3 and at room temperature. It can be found that
decolourisation efficiency (Fig. 4) increased with increasing the applied current density (Abu Ghalwa et al 2005). This is because
of the increased rate of generation of oxidants, such as chlorine/hypochlorite and hydroxyl radicals at higher current densities. Up
to a current density of 340 A m~, the degradation efficiency of both the dyes was increased almost linearly. At higher current
densities (>340 A m™) the degradation efficiency was attained almost constant. Also the energy consumption was found to be
more at higher current densities with a subsequent stripping of electrodes (Rajkumar et al. 2007). Therefore, the optimal current
density for the successive electrochemical degradation was fixed at 340 A m 2.

Analysis of COD & TOC
In the present study it can be seen that the degradation of Basic green 1 and Direct Green 26 from their aqueous solutions may
proceed by indirect electrochemical oxidation rather than direct electrochemical process. The maximum COD of 95% and 90%
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and TOC of 95% and 97% could be achieved for the dyes at 2.5 g L™ of NaCl concentration, current density 340 A m ~at pH 3 for
Basic green 1 and Direct Green 26, respectively. The electrolysis was carried out at a current density of 340 A m™. At this current
density, Cl, generated in the solution drives the oxidation process. The Cl, species is a powerful oxidizing agent capable of
oxidizing the dyestuffs. In the absence of chloride containing electrolytes, the COD, TOC removal and dye degradation efficiency
was very low (Abu Ghalwa et al 2005). The percent removal of COD and TOC found to be increased with increase in the
concentration of NaCl. This confirmed that the electrogenerated chlorine/hypochlorite will play an important role in the
electrochemical degradation process of the dyestuffs.
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Fig. 4. Effect of current densities on decolourisation of dyes (a) Basic green 1 and (b) Direct Green 26. Electrolysis
condition: concentration of the dye solution: 50 ppm (w/v); pH: 3; NaCl: 2.5 g L''; current density 340 A m%; time:
30 min.

Liquid Chromatography-Mass Spectrometry studies (LC-MS)

LC-MS studies were employed to monitor the diminution in mass of the fragments of Basic green 1 and Direct Green 26 dyes
before and after electrolysis. MS spectrum of the dyes recorded before electrolysis shows more number of peaks at higher m/z
values due to the presence of dyes and other impurities (Figure 5a and 6a).
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Fig. 5. Mass spectrum of Basic green 1: (a) before electrolysis, (b) after electrolysis. Electrolysis condition:

concentration of the dye solution: 50 ppm (w/v); electrodes: graphite carbon; pH: 3; current density 340 A m*; time:
30 min.

The MS spectrum of the filtrate solution after complete electrolysis shows the absence of majority of the peaks (Figure 5b and 6b).
This clearly indicated that almost all dye was coagulated and removed in the form of sludge. The remaining peaks at low m/z
values in the mass spectra may be due to the presence of substituted simple aromatic compounds.

Electrical Energy Consumption

The major operating cost is associated with the electrical energy consumption during electrochemical degradation process. The
electrical energy consumption (E) is required to decompose 50 ppm (w/v) Basic green 1 and Direct Green 26, dye solutions at
various current densities was calculated using the relation:

E=((VItz) / V) <107
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Where; E is the electrical energy consumption ( k W h m™), V' is the applied voltage (V), I is the applied current (A), t is the
electrolysis time (h) and V is the volume of dye solution (m®). As per the results, the minimum electrical energy consumption was
10.70 k W h m™ at 340 A m™ current density. At higher current densities, the energy consumption was found to be increased and it
may be attributed to the increased hydrogen and oxygen evolution reaction (Table 1).
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Fig. 6. Mass spectrum of Direct Green 26: (a) before electrolysis, (b) after electrolysis. Electrolysis condition:

concentration of the dye solution: 50 ppm (w/v); electrodes: graphite carbon; pH: 3; current density 340 A m2; time: 30
min

Current density Energy Degradation (%)
(Am™) Consumption - .
(k Wh m™) Basic green 1 Direct Green 26
085 1.308 92 84
170 3.267 96 94
255 6.575 96 94
340 10.700 97 95
425 16.667 97 95

Table 1: The electrical energy consumed during electrochemical degradation of Basic green 1 and Direct
Green 26 dye solutions (50 ppm, w/v); Electrolysis time 30 min:

Conclusion

In the present work the electrochemical degradation of Basic green 1 and Direct Green 26 was carried out using graphite carbon as
anode and cathode, in the optimal operating conditions (current density 340 A m™, NaCl concentration 2.5 g L' and at room
temperature. Increasing the initial pH will lead to corresponding decrease in the degradation efficiency of dyes. The effect of
conducting salt clearly showed that the introduction of CI” containing electrolytes enhance the degradation efficiency of the dye.
UV-Vis and MS spectral studies confirmed that the proposed electrochemical degradation process is an effective method for the
degradation of Basic green 1 and Direct Green 26.
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